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Rap1, a Ras-like small GTPase, plays a crucial role in cellmatrix adhesive interactions, cellcell junction
formation, cell polarity and migration. The role of Rap1 in vertebrate organ development and tissue
architecture, however, remains elusive. We addressed this question in a mouse lens model system using
a conditional gene targeting approach. While individual germline deﬁciency of either Rap1a or Rap1b did
not cause overt defects in mouse lens, conditional double deﬁciency (Rap1 cKO) prior to lens placode
formation led to an ocular phenotype including microphthalmia and lens opaciﬁcation in embryonic
mice. The embryonic Rap1 cKO mouse lens exhibited striking defects including loss of E-cadherin- and
ZO-1-based cellcell junctions, disruption of paxillin and β1-integrin-based cell adhesive interactions
along with abnormalities in cell shape and apicalbasal polarity of epithelium. These epithelial changes
were accompanied by increased levels of α-smooth muscle actin, vimentin and N-cadherin, and ex-
pression of transcriptional suppressors of E-cadherin (Snai1, Slug and Zeb2), and a mesenchymal me-
tabolic protein (Dihydropyrimidine dehydrogenase). Additionally, while lens differentiation was not
overtly affected, increased apoptosis and dysregulated cell cycle progression were noted in epithelium
and ﬁbers in Rap1 cKO mice. Collectively these observations uncover a requirement for Rap1 in main-
tenance of lens epithelial phenotype and morphogenesis.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
Morphogenesis of vertebrate organs is critically dependent on
temporally and spatially coordinated events including specialized
cellcell junction formation, cellextracellular matrix (ECM)
adhesive interactions, establishment of cell polarity and migration
(Boettner and Van Aelst, 2009; Bulgakova et al., 2012; Franke,
2009; Nelson, 2009). Importantly, defects in these cellular char-
acteristics can lead to various phenotypes and diseases (Franke,
2009; Halbleib and Nelson, 2006). Identifying the molecular me-
chanisms regulating cell adhesive interactions, cell polarity and
migration is therefore not only necessary for disease under-
standing, but is also expected to provide novel insights for ther-
apeutic manipulation of structural and functional defects inhalmology, Duke University
919 684 8983.certain tissues and organs. Rap1 GTPase, a Ras-like small GTPase, is
considered to be a crucial player in controlling formation and
stability of E-cadherin- and ZO-1-based adherens junctions (AJ)
and tight junctions (TJ), respectively, and integrin-mediated
cellECM adhesion, cell polarity and migration (Asha et al., 1999;
Boettner and Van Aelst, 2009; Glading et al., 2007; Hogan et al.,
2004; Knox and Brown, 2002; Kooistra et al., 2007; Severson et al.,
2009). Rap1 is a widely expressed small GTPase that integrates
signals from external cues and receptors to regulate cell adhesive
interactions, actin cytoskeletal reorganization and intracellular
regulatory pathways (Boettner and Van Aelst, 2009; Kooistra et al.,
2007). Analogous to other small GTPases, Rap1 acts as a molecular
switch by cycling between inactive GDP-bound and active GTP-
bound forms, with the transition between these two conforma-
tions being tightly controlled by speciﬁc guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins (GAPs),
respectively. Several multi-domain GEFs which activate Rap1 and
cell junction formation have been identiﬁed and characterized,
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and Bos, 2011). Likewise, a number of downstream effector pro-
teins work in concert with Rap1 to regulate cell adhesive inter-
actions, including afadin/AF6, KRIT/CCM1 and RIAM (Boettner
et al., 2000; Glading et al., 2007; Liu et al., 2011; Mandai et al.,
2013). Inhibition of Rap1 has been demonstrated to impair AJs
formation and disrupt integrin-based cell adhesive interactions,
and conversely, activation of Rap1 strengthens cellcell junctions
and cell adhesion (Kooistra et al., 2007). Cellcell junctions (TJs,
AJs) and integrin-linked focal adhesions are considered to be im-
portant sites for anchoring and organization of the actin cytoske-
leton (Meng and Takeichi, 2009; Rikitake et al., 2012; DeMali et al.,
2003; Mitic and Anderson, 1998), and Rap1 has been demon-
strated to regulate actin cytoskeletal organization at cellcell
junctions by controlling the activities of different Rho GTPases and
myosin II (Ando et al., 2013; Arthur et al., 2004; Boettner and Van
Aelst, 2007; Fukuyama et al., 2006; Jeon et al., 2007; Ogita and
Takai, 2006). In our previous studies, although cellcell junctions
and cell adhesive interactions regulated by E-cadherin and
N-cadherin (Lang et al., 2014; Pontoriero et al., 2009), and Rho
GTPases were found to be crucial for lens development and mor-
phogenesis (Chauhan et al., 2011; Maddala et al., 2011a; Maddala
et al., 2008), the role of Rap1 in lens morphogenesis and archi-
tecture remains unexplored.
Moreover, although a vast amount of knowledge is available
regarding the mechanisms by which Rap1 regulates cellular pro-
cesses (Boettner and Van Aelst, 2009; Choi et al., 2013; Kooistra
et al., 2007; Liu et al., 2011; O’Keefe et al., 2012; Sawyer et al.,
2009), little is known at large about Rap1 function in vertebrate
organ development, morphogenesis and tissue architecture. Ad-
ditionally, functional redundancy of the two isoforms of Rap1
(Rap1a and Rap1b) poses a major impediment for the ability to
thoroughly delineate the biological role of Rap1 (Chrzanowska-
Wodnicka, 2013; Frische and Zwartkruis, 2010; Li et al., 2007).
Early attempts to explore Rap1 role in vertebrate morphogenesis
and tissue architecture were also thwarted by embryonic lethality
noted in model systems lacking both isoforms of Rap1 (Chrza-
nowska-Wodnicka et al., 2008; Li et al., 2007). Therefore, it is
necessary to design a model system presenting conditional deﬁ-
ciency of Rap1 to determine how double deﬁciency of Rap1a and
Rap1b might impact organ morphogenesis and tissue architecture.
In this study we targeted Rap1 (Rap1a and Rap1b) expression in a
conditional manner to identify the deﬁnitive and mechanistic role
of Rap1 in ocular lens morphogenesis and architecture.
Vertebrate lens morphogenesis, which is initiated from a single
cell type (Chow and Lang, 2001; Cvekl and Ashery-Padan, 2014;
McAvoy et al., 1999), provides a unique model system to in-
vestigate the role of Rap1 regulated cellcell junctions and cell
adhesive interactions in the speciﬁcation, polarization and pro-
liferation of epithelial cells, their differentiation into ﬁber cells,
and in the migration and arrangement of mature ﬁber cells. The
ocular lens is an avascular transparent tissue with no innervation,
comprised only of epithelial cells that continuously proliferate and
differentiate into specialized ﬁber cells, all encased by a thick
basement membrane, the lens capsule. The lens develops from
ectoderm that overlies the optic vesicle, a process that involves
transition of the surface ectoderm through the lens placode, pit
and vesicle stages (McAvoy et al., 1999). At the lens vesicle stage,
the posterior half of the cells elongate and differentiate into pri-
mary ﬁbers, whereas cells in the anterior half differentiate into
epithelial cells that cover the apical ends of the ﬁber cells and
develop lens distinctive polarized structure. Proliferation in the
adult lens is restricted to the epithelium, mostly in the germinative
zone above the lens equator, and progeny migrate below the
equator where they elongate and differentiate into secondary ﬁber
cells that progressively become added to the primary ﬁber mass.Like primary ﬁbers, secondary ﬁbers are also highly polarized with
their apical ends associated with the overlying epithelium and the
posterior terminals attaching to the inner surface of the extra-
cellular matrix-enriched elastic capsule. Since we possess a good
understanding of the temporal sequence of events in lens mor-
phogenesis (Chow and Lang, 2001; Cvekl and Ashery-Padan, 2014;
Lovicu and McAvoy, 2005), here we sought to determine the role
of Rap1 in lens development and architecture, using the devel-
oping lens as a model system for organogenesis. Rap1 deﬁcient
conditional mice (Rap1 cKO) generated in this study exhibit a lens
phenotype at embryonic stages, epithelial plasticity and me-
senchymal transition accompanied with loss of AJs and ZO-1-
based cell junctions in conjunction with upregulation of E-cad-
herin suppressing transcription factors, demonstrating the re-
quirement of Rap1 in the establishment and maintenance of epi-
thelial phenotype and morphogenesis of lens.2. Materials and methods
2.1. Animal Maintenance and Use
Animals were maintained in a pathogen-free vivarium under a
12 h dark and light cycle with ad libitum food and water. All ex-
periments using mice were carried out in accordance with the
recommendations of the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and the Association for
Research in Vision and Ophthalmology. The protocol was approved
by the Committee for Ethics of Animal Experiments at the Duke
University School of Medicine. At required gestational ages, fetuses
were removed by hysterectomy after the dams had been an-
esthetized with Euthasol.
2.2. Rap1a and Rap1b null mouse eyes
Eyes from adult Rap1a/ (Li et al., 2007) and Rap1b /
(Chrzanowska-Wodnicka et al., 2008) null mice on a C57BL/6 ge-
netic background, ﬁxed in 3.7% buffered formalin, were generously
provided by the laboratories of Magdalena Chrzanowska-Wod-
nicka from the Blood Research Institute, Blood Center of Wiscon-
sin, Milwaukee, WI, and Lawrence Quilliam from the Department
of Biochemistry and Molecular Biology, Indiana University of
School of Medicine, Indianapolis, IN, respectively.
2.3. Generation of Rap1 (Rap1a/Rap1b) GTPase conditional deﬁcient
mice
To generate Rap1a/Rap1b double conditional deﬁcient mice
(Rap1 cKO), the well characterized Rap1a and Rap1b homozygous
double ﬂoxed mice (Rap1aff/Rap1bff with 129S/C57BL6 mixed
background; Listed in the Jackson Laboratory as strain
B6;129S-Rap1atm1MorzRap1btm1Morz/J) described earlier (Pan et al.,
2008) were mated with Le-Cre transgenic mice (C57BL6 back-
ground). The resulting heterozygous offspring were inbred for
4 generations, until we could generate the progeny carried with
Rap1aff/Rap1bff/Cre genotype. The homozygous double ﬂoxed
Rap1aff/Rap1bff mice used in this study contain loxp sites ﬂanking
exon 2-3 (in Rap1a) and exon-1 (in Rap1b) and are viable, fertile
and do not display any abnormalities (Pan et al., 2008). Le-Cre
transgenic mice used in this study express Cre recombinase at
embryonic day 8.75 under the control of a Pax6 P0 enhancer/
promoter, with Cre being expressed in lens epithelium and ﬁber
cells as well as other surface ectoderm-derived eye structures
(Ashery-Padan et al., 2000). The Le-Cre mice also express a Cre-
activatable GFP reporter that is incorporated into the Cre trans-
gene. For comparison with Rap1 cKO mice, we used age-matched
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as controls. Collected tail biopsies from progeny were screened for
the Rap1a/Ra1b ﬂoxed alleles and Cre transgene by PCR analysis
using the respective speciﬁc primers (Table S1) as described earlier
by us (Maddala et al., 2011a; Pan et al., 2008).
2.4. Histological analysis
Rap1cKO mouse embryos were obtained from timed mated
pregnant females at 10.5, 11.5, 13.5, 15.5 and, 17.5 days of gestation.
The embryonic heads and whole eyes (from postnatal day 1(P1))
mice were ﬁxed for 2 h at room temperature in 50 mM cacodylate
buffer (pH 7.2) containing 2.5% glutaraldehyde, 4% sucrose and
2 mM CaCl2, and transferred to 3.7% buffered formalin for 24 h.
Rap1cKO and WT specimens were subsequently dehydrated, em-
bedded in parafﬁn, and cut in 5 μm thick sections with a micro-
tome (Leica Leitz model no.1512), prior to staining with hema-
toxylin and eosin (H&E). Images were captured using Zeiss Axio
Imager equipped with a Hamamatsu Orca ER monochrome CCD
camera.
2.5. Immunoﬂuorescence
For immunostaining tissue specimens were dissected out, ﬁxed
with 3.7% buffered formalin for 24 h, dehydrated, embedded in
parafﬁn and 5 μm thick sections were cut as we described earlier
(Maddala et al., 2011a). De-parafﬁnization and antigen retrieval
were performed as we described earlier (Maddala et al., 2011b).
These tissue sections were blocked for 10 min in a humidiﬁed
chamber with the medical background Sniper reducing solution
(BiocareMedical, Concord, CA), prior to incubation for 24 h at 4 °C,
with a 1:200 dilution of one of the following primary antibodies:
Rap1 (Cell Signaling Technologies, Danvers, MA), E-cadherin (Cell
Signaling Technologies), β-catenin (monoclonal, Sigma-Aldrich, St
Louis, MO), N-cadherin (monoclonal, Invitrogen, Camarillo CA) and
Slug (Sigma-Aldrich). Tissue sections were washed in TBS buffer
(Tris buffered saline) and incubated in a dark humidiﬁed chamber
for 2 h at room temperature, with either Alexa ﬂuor 488 or 594
conjugated secondary antibodies (Invitrogen, Grand Island, NY; at
a 1: 200 dilution) following which, sections were washed again
with TBS buffer and incubated with Hoechst 33342 (1:1000 dilu-
tions, Life Technologies, Grand Island, NY), for 10 min. Slides were
mounted using Vecta mount and nail polish and micrographs
captured using a Nikon Eclipse 90i confocal laser scanning mi-
croscope as we described earlier (Maddala et al., 2011a).
For staining of activated β1-integrin, WT and Rap1cKO embryo
heads were ﬁxed in IHC Zinc ﬁxative (BD Pharmingen, San Jose,
CA) for 24 h and processed as mentioned above. The de-parafﬁ-
nized tissue sections were incubated with anti-rat β1-integrin
antibody (clone 9EG7 from BD Pharmingen) at 1:25 dilution.
For cryosectioning, WT and Rap1 cKO embryo heads were ﬁxed
in 4% buffered paraformaldehyde for 24 h at 4 °C, transferred into
5% and 30% sucrose in PBS on successive days (phosphate buffered
saline), embedded in Optimal Cutting Temperature (OCT) em-
bedding media (Tissue-Tek, Torrance, CA) and cut into 8–10 μm
thick sections before being immunostained as we described earlier
(Maddala et al., 2011a). Brieﬂy, air dried tissue cryosections were
treated with Image-iT
s
FX signal enhancer (Invitrogen, Eugene,
OR) and blocked using blocking buffer (5% globulin free bovine
serum albumin, 5% ﬁltered goat serum in 0.3% TritonX100 con-
taining PBS) for 30 min each, prior to overnight incubation at 4 °C
with one of the following primary antibodies in blocking buffer (at
a 1:200 dilution): phospho-paxillin (Tyr118), ZO-1 (both from Cell
Signaling Technologies), anti-GFP conjugated to Alexa ﬂuor 488
(Life technologies, Grand Island, NY), vimentin, γ-crystallin and
aquaporin-0 (generously provided by Roy Quinlan, DurhamUniversity, UK., Sam Zigler, Johns Hopkins University School of
Medicine and Joe Horwitz, Jules Stain Eye Institute, UCLA, re-
spectively). Sections were then washed in wash buffer (0.3% Tritin-
X100 containing PBS) and incubated with Alexa Fluor secondary
antibodies. For F-actin and α-smooth muscle actin staining, pre-
blocked sections were labeled with phalloidin conjugated with
tetra rhodamine isothiocyanate (TRITC) (500 ng/ml) or α-smooth
muscle actin monoclonal antibody conjugated with Cy3™ (both
from Sigma-Aldrich) for 2 h, washed and mounted as described
above. All representative immunoﬂuorescence data reported in
this study are based on analysis of a minimum of 4 to 6 tissue
sections derived from three independent specimens per group.
2.6. Immunoblotting
To evaluate changes in protein levels of Rap1(Rap1a/Rap1b)
GTPase, aPKCλ and aPCKς, lenses derived from E17.5 embryos of
WT and Rap1 cKO mice (4 lenses pooled per sample) were
homogenized in Tris (10 mM) buffer pH 7.4 containing 0.2 mM
MgCl2, 5 mM N-Ethylmaleimide, 2.0 mM sodium orthovanadate,
10 mM sodium ﬂuoride, 60 μM phenyl methyl sulfonyl ﬂuoride,
0.4 mM iodoacetamide and Protease inhibitor cocktail tablets
(complete, Mini, EDTA free and PhosSTOP Phosphatase Inhibitor
Cocktail Tablets, 1 each/10 ml buffer, Roche-Basel, Switzerland).
Homogenates were centrifuged at 800g for 10 min at 4 °C, and the
supernatant fractions were centrifuged further at 100,000g for
1 h at 4 °C. The 100,000g supernatant was designated as the so-
luble fraction, while the insoluble pellet was re-suspended in Tris
buffer (described above), washed twice with the same buffer prior
to suspending the ﬁnal membrane-enriched protein pellet in urea
buffer containing 8 M urea, 20 mM Tris, 23 mM glycine, 10 mM
dithiothreitol, and saturated sucrose along with protease and
phosphatase inhibitors. Protein concentration was estimated using
Bio-Rad reagent (Bio-Rad, Cat. 500-0006). Equal amounts of
membrane enriched fractions (for Rap1) or total (800g) fractions
(for aPKC) were resolved on 12% SDS-PAGE gels, followed by
electrophoretic transfer to nitrocellulose membrane, overnight
incubation with Rap1 or aPKCλ or aPKCζ antibodies at 1:1000
dilution in TBS buffer containing 5% milk and 0.1 Tween-20,
washing and incubation with peroxidase-conjugated secondary
antibody. Immunoblots were developed by enhanced chemilumi-
nescence (ECL), and scanned densitometrically using a Foto Dyne
Gel Doc scanner equipped with TL100 software. Densitometry
analyses were carried out using Image J software.
2.7. RT-PCR and qRT-PCR analysis
To detect the expression of Rap1a, Rap1b, C3G, Epac, GAPs,
GDS, and downstream Rap1 effector proteins nectin and afadin in
P2 and P24 normal mouse (C57BL6 genetic background) lenses,
total RNAwas extracted from pooled lenses using an RNeasy Micro
kit (Qiagen, Valencia, CA) per manufacturer protocol. The Ad-
vantage RT-for-PCR Kit (Clontech, Mountain View, CA) was used to
synthesize ﬁrst-strand cDNA from total RNA, followed by ampli-
ﬁcation of cDNA pools for the genes of interest, using an Ad-
vantages 2 PCR Kit (Clontech, Mountain View, CA) and the re-
spective oligonucleotide primer sets (Table S1). Gene ampliﬁcation
was performed using a C1000 Touch™ Thermal Cycler (Bio-Rad,
Hercules, CA) with a denaturation step at 95 °C for 30 s, followed
by annealing at 60 °C for 30 s and extension at 72 °C for 60 s. The
cycle was repeated 25–30 times with a ﬁnal step at 72 °C for 5 min.
The ampliﬁed gene products were separated on 2% agarose gels,
stained with ethidium bromide and imaged with a Fotodyne
Trans-illuminator (Fotodyne, Inc, Hartland, WI). The resolved
bands were excised and sequenced for gene identiﬁcation.
For qRT-PCR analysis, total RNA was isolated from the lenses of
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synthesis was performed as described above. The qRT-PCR reac-
tions were set up for Rap1a, Rap1b, Snail, Slug, dihydropyrimidine
dehydrogenase (DPYD), Zeb1 and Zeb2 genes using a Prism 7700
Sequence Detection System (Applied Biosystem, Inc; Grand Island,
NY) and the respective speciﬁc oligonucleotide primer sets (Table
S1). Fold differences in gene expression between the WT and
Rap1cKO mouse lenses were normalized to GAPDH and calculated
by the comparative threshold (CT) method, as described by the
manufacturer.
2.8. TUNEL assay
Wild type and Rap1cKO mouse lens cryosections derived from
E15.5 and E17.5 embryos were used for detecting apoptotic cells by
in situ terminal transferase dUTP nick end labeling (TUNEL) using
an ApopTag Plus Fluorescein kit (Chemicon, S7111, Temecula, CA)
and Nikon Eclipse 90i confocal laser scanning microscope as we
described earlier (Maddala et al., 2011a). Green/yellow labeled
apoptotic positive cells were scored in the lens epithelium and
ﬁbers of 6 independent specimens from both WT and Rap1 ckO
specimens and quantitated.
2.9. BrdU incorporation
Timed mated pregnant WT and Rap1cKO mice at day 15.5 post-
conception, were injected with bromo-deoxy-uridine (BrdU) at a
concentration of 100 μg/gram body weight and were sacriﬁced
after two hours of incorporation as we described earlier (Maddala
et al., 2008). Embryo heads were ﬁxed for cryosectioning (MaddalaFig. 1. Expression and distribution proﬁle of Rap1 GTPase and its effectors in mouse lens
different effector and interacting proteins in P2 and P24 mouse lenses, using GAPDH expr
Rap1a and Rap1b expression relative to GAPDH, and the relative fold difference in exp
protein in the soluble fraction (SF) and membrane enriched fraction (MEF) of P24 mouse
(embryonic day10.5) and P21 mouse lens based on immunoﬂuorescence analysis. The sm
inset. In the mature lens ﬁbers (inset) Rap1 is localized predominantly at the cell mem
independent analyses. In panel E bars represent image magniﬁcation.et al., 2008). After genotyping, 8-10 μm thick serial sections were
cut and used for BrDU labeling using Fluorescein (FITC)-tagged
anti-BrdU antibody (BD Biosciences, Palo Alto CA) as we described
earlier (Maddala et al., 2008). Micrographs were captured using
Nikon Eclipse 90i confocal laser scanning microscope. Total num-
bers of nuclei staining positively for BrdU in the epithelium and
transitional zone of lenses from both Rap1cKO and WT mice, were
counted and plotted. Values derived from 6 independent speci-
mens (2 to 3 serial sections from each mouse head) were analyzed
for determining statistical signiﬁcance.
2.10. Statistical analysis
Where required, the student's t-test was performed to de-
termine signiﬁcance of differences between the Rap1cKO and WT
specimens. Values are represented as Mean7Standard Error of
the Mean (SEM).3. Results
3.1. Rap1 is abundantly expressed in the mouse lens and distributes
predominantly to the plasma membrane
To obtain baseline information regarding the expression proﬁle of
Rap1 GTPase, its regulatory proteins including GEF and GAP, and
proteins that interact with Rap1 including afadin and nectin in the
ocular lens, we evaluated and conﬁrmed the expression of Rap1a,
Rap1b, RapGAP, C3G, Epac, Rap-GDP dissociation stimulator (GDS),
afadin and nectin by RT-PCR analysis of both neonatal (P2) and P24. (A) RT-PCR analysis-based assessment of expression of Rap1a and Rap1b and their
ession for cDNA normalization. (B and C) show the qRT-PCR ampliﬁcation traces for
ression in P2 mouse lenses, respectively. (D) Distribution of Rap1 (Rap1a/Rap1b)
lens based on immunoblotting analysis. (E) Distribution of Rap1 in the developing
aller rectangular box in the right panel is a magniﬁcation of the area shown as an
brane. In panel C, the error bar indicates SEM based on values derived from three
Fig. 2. Ocular phenotype in the Rap1 cKO mouse. (A and B) Intact lenses (membrane-enriched fraction) derived from three representative E17.5 Rap1 cKO mouse embryos
showed a dramatic reduction (by ∼90%; *po0.05; n¼4) of Rap1 (Rap1a/Rap1b-total) protein compared with WT controls based on immunoblot quantiﬁcation. (C) Reduction
of Rap1 in lenses from E11.5 and E17.5 Rap1 cKO mouse embryos based on immunoﬂuorescence analysis. The top panel shows the distribution proﬁle of GFP (green
ﬂuorescent protein) only in the lens vesicle of Rap1 cKO mouse embryos (E11.5) conﬁrming Cre expression relative to the WT control. The middle and lower panels show
reduction of Rap1 in the E11.5 lens vesicle and E17.5 lens, respectively, derived from Rap1 cKO mice and relative to the WT controls based on immunoﬂuorescence analysis.
(D) Conditional deletion of Rap1 (Rap1a/Rap1b) in the lens results in microphthalmic eyes with lens opacity in the embryonic and neonatal mice. The images shown are with
eye lids removed from the E17.5 embryos. Bars in panel C represent image magniﬁcation. LV: Lens vesicle; LE: Lens epithelium; LF: Lens ﬁbers.
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expression proﬁle of Rap1a and Rap1b in neonatal mouse lenses by
qRT-PCR. Interestingly, the relative levels of Rap1a and Rap1b were
found to be much higher than those of the house keeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), refer to
Fig. 1B, with the expression levels of Rap1b being signiﬁcantly higher
(2.75-fold) than Rap1a in neonatal lenses (n¼3; po0.01; Fig. 1C). In
P21 mouse lenses, Rap1 (both Rap1a and Rap1b) protein was found
to be distributed predominantly to the membrane-enriched fraction
based on immunoblot analysis of lens soluble and membrane-en-
riched fractions as shown in Fig. 1D. Additionally, we examined the
distribution pattern of Rap1 in E10.5 and P21 mouse eye by im-
munoﬂuorescence analysis using parafﬁn embedded tissue sections
and polyclonal Rap1 antibody which reacts with both Rap1a and
Rap1b. As shown in Fig. 1E, Rap1 is distributed throughout the lens
pit, and consistent with the results of immunoblot analysis (Fig. 1D),
is mostly membrane associated (Fig. 1E inset) and distributed
throughout the lens (P21), including epithelium (not shown in Fig. 1,
but can be seen in Fig. 2) and ﬁber cells.
3.2. Conditional deﬁciency of Rap1 (Rap1a/Rap1b) leads to micro-
phthalmia and lens opaciﬁcation in embryonic and neonatal mice
To explore a plausible non-compensating role(s) for Rap1a and
Rap1b in lens morphogenesis and architecture, we initially per-
formed a histological examination of eyes derived from Rap1a andRap1b adult null mice, which have been previously thoroughly
characterized and conﬁrmed to not exhibit any known ocular
phenotype (Chrzanowska-Wodnicka et al., 2008; Li et al., 2007).
Light microscopy analysis of parafﬁn embedded sagittal tissue
sections derived from age-matched adult Rap1a and Rap1b null
and WT mouse eyes stained with H&E did not reveal any differ-
ences in either the lens epithelium (thickness, cell shape and nu-
clei) or in ﬁber cells (shape or arrangement) indicating that Rap1a
and Rap1b serve compensatory roles in the lens (data not shown).
Based on the above described observations, and given that
Rap1a and Rap1b double null mice have been reported to be
embryonically lethal (Chrzanowska-Wodnicka et al., 2008; Li et al.,
2007), we developed a conditional Rap1a/Rap1b double knockout
mouse (described hence forth as Rap1 cKO.) This mouse model
was generated by crossing the well characterized Rap1a and Rap1b
double ﬂoxed mice (Pan et al., 2008) with transgenic Le-Cre mice
expressing Cre recombinase in a lens speciﬁc manner (Ashery-
Padan et al., 2000). Recombination of the conditional Rap1a and
Rap1b alleles led to a dramatic reduction (∼90%) in Rap1 (both
Rap1a and Rap1b) protein levels in the E17.5 mouse lens mem-
brane-enriched fraction based on immunoblot analysis (data
shown for representative 3 independent pooled lens specimens
from both WT and Rap1 cKO mice; Fig. 2A and B). These results
were consistent with reduced Rap1 immunoﬂuorescence staining
observed in the intact lens (both epithelium and ﬁbers) of E17.5
Rap1 cKO mouse embryo relative to the respective WT control
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cKO mouse using a Cre-activatable GFP reporter gene, immuno-
ﬂuorescence analysis suggest that Rap1 may not be completely
absent from E11.5 Rap1 cKO lens specimens relative to WT controls
(Fig. 2C). It is also plausible that the low-level immunoﬂuorescent
staining for Rap1 in these specimens derives partly from non-
speciﬁc background staining.Fig. 3. Histological and actin cytoskeletal changes in the developing and neonatal Rap1
changes during development, ocular specimens derived from the E11.5, 13.5, 15.5, 17.5 e
H&E. The tissue sections were imaged using a light microscope. Although the lens vesi
separation, starting from E13.5 to P1, there was a progressive disruption in ﬁber cell apica
empty space between the epithelium and ﬁbers in Rap1 cKO specimens compared with
ﬁbers with noticeable disruption at the lens fulcrum (arrow heads) compared with WT co
pattern at the fulcrum is noticeably different from the WT controls (arrow heads) and in
retained at the posterior ends of the ﬁbers (arrow heads). (B) To further evaluate lens def
from Rap1 cKO and WT mice described above were stained for F-actin with rhodamine p
changes noted in A, defective cellcell attachment between the lens epithelial apical
specimens, in E13.5 and 15.5 specimens, and is indicated with arrows. Additionally, arrow
embryos. F-actin distribution in the lens vesicle at the apical ends of cells shows reduced
ﬁber cells in E13. 5, 15.5 and 17.5 specimens in the Rap1 cKO embryos compared with W
organization compared with WT controls. LV: Lens vesicle, LE: Lens epithelium, LF: LenConditional deﬁciency of Rap1 led to a severe bilateral ocular
phenotype including microphthalmia and lens opaciﬁcation in
E17.5 and PI neonatal mice (Fig. 2D, images are shown for the E17.5
specimens with eye lids removed). These ocular phenotypes were
found to be consistent in almost 100% of the animals. Lens opa-
ciﬁcation in the central or nuclear region was evident in both E17.5
and P1 mice. In older Rap1 cKO mice (4P1), there was extensivecKO mouse eye. (A) To determine the effects of conditional Rap1 deﬁciency on lens
mbryos and day 1 neonatal Rap1 cKO mice were ﬁxed, sectioned and stained with
cle in E11.5 Rap1 cKO mouse embryos showed no overt changes in formation and
l attachment with lens epithelial apical ends (indicated with arrows), resulting in an
WT controls. In E17.5 and P1 Rap1 cKO lenses, there was a gross disorganization of
ntrols. In E13.5 specimens derived from the Rap1 cKO embryos, ﬁber cell migration
E15.5 and 17.5 specimens, the nuclei spread to below the transitional zone and are
ects in the Rap1 cKO mice, cryotissue sections derived from the E11.5 to E17.5 stages
halloidin, prior to image capture by confocal microscopy. Similar to the histological
ends and ﬁber cell apical ends was clearly noted in embryonic Rap1 cKO mouse
heads indicate defects in the lens fulcrum formation in E13.5 and E15.5 Rap1 cKO
staining and extending a similar reduction at the apical junctions of epithelial and
T controls. In E17.5 Rap1 cKO lens specimens, there is a gross disruption in ﬁber cell
s ﬁbers. Bars in A and B represent image magniﬁcation.
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(not shown). Due to this severe lens phenotype in Rap1 cKO mice,
most of the analyses for the remainder of the study were per-
formed using immunoﬂuorescence analyses of embryonic speci-
mens. Only limited immunoblotting-based protein quantiﬁcation
analyses were performed using E17.5 embryonic lenses extracted
and pooled from Rap1 cKO mice.
3.3. Impairment of lens morphogenesis in Rap1 cKO mice
To determine the impact of Rap1 deﬁciency on lens morpho-
genesis, cacodylate buffer ﬁxed, parafﬁn embedded, H&E stained
sagittal sections from the Rap1 cKO embryonic (E11.5, 13.5, 15.5 and
17.5) mouse head were examined by light microscopy. Lens vesicle
formation and separation in E11.5 Rap1cKO mouse ocular specimens
was found to be similar to that in WT controls (Fig. 3A). In E13.5
specimens, while differentiated lens primary ﬁbers elongated and
ﬁlled the lumen of the lens vesicle similar to what was noted for WT
controls, the apical ends of primary ﬁber cells however, did not form
adhesive/junctional attachments with epithelial cell apical ends
leading to an empty space between the epithelium and primary ﬁber
cell apical tips (Fig. 3A; this can also be clearly seen in the tissue
sections stained for F-actin shown in Fig. 3B). Additionally, the
anteriorposterior alignment and migration pattern of primary and
secondary lens ﬁber cells was found to be abnormal and different
from those of WT controls. Instead of aligning straight with the
central epithelium, the apical tips of primary ﬁber cells were found to
be oriented either to the left or right side of the central epithelium.
Moreover, the secondary lens ﬁbers of Rap1 cKO mice exhibit a sharp
bending towards the lens fulcrum (the region where the early
elongating lens epithelial apical ends meet with the apical tips of
newly differentiating ﬁbers) (Sugiyama et al., 2009) and subse-
quently, these cells also failed to gain a typical concave shape from
their initial convex shape and to maintain apicalbasal polarity. In
E15.5 Rap1 cKO lens specimens, there is a wide gap between the
ﬁber cell apical ends and epithelium indicating impaired formation of
apical junctions between the apical ends of epithelial cells and ﬁber
cells compared to the WT controls. Additionally, in E15.5 Rap1 cKO
lens specimens, there is an abnormal distribution pattern of nuclei
and thickening of transition zone extending towards posterior region
compared to the WT controls. The nuclei are distributed below to the
bow region, being retained at the basal tips of the ﬁber cells. In E17.5
and P1 Rap1 cKO lenses, there is a gross and progressive disruption in
the apical junctions between the lens epithelium and ﬁber cell apical
tips. In contrast, the Rap1 cKO mouse lens specimens derived from
the E13.5 to P1 stages showed no obvious abnormalities in cell ad-
hesion between the ﬁber cell basal ends and the inner surface of the
posterior capsule which is made up of basement membrane matrix.
In addition to the histological changes described above based
on H&E staining, we stained the same stages of embryonic lenses
(cryoﬁxed) for F-actin using rhodamine-phalloidin (red staining).
The nuclei are stained in these specimens using Hoechst (blue).
Consistent with the H&E based histological changes, the F-actin
stained lens specimens derived from the Rap1 cKO mice showed
defects in apical cell junctional interactions between theFig. 4. Disruption of E-cadherin-based AJs and ZO-1 associated cellcell interactions in R
and 17.5 embryos reveal a progressive disruption in E-cadherin based AJs (green) in len
compared to the respective WT controls (A1, A4). While lens epithelial cells (in both cen
shape (double headed arrow; known to depend on maintenance of apical to basal pol
dramatic reduction in E-cadherin-based AJs both in central (A2) and equatorial (A3) epith
signiﬁcant decrease in lens central epithelial width in the Rap1 cKO specimens compare
*po0.05. LE: Lens epithelium, LF: Lens ﬁbers, CLE: Central lens epithelium, ELE: Equa
interactions were dramatically reduced in the lens of E13.5, E15.5 and E17.5 Rap1 cKO
between the apical junctions of ﬁber cells and epithelium in the WT lenses (arrows).
matically reduced. The loss of cell adhesive interactions was associated with reduction in
WT controls, based on Hoechst staining (blue). Bars represent magniﬁcation.epithelium and ﬁber cells (indicated with arrows), ﬁber cell mi-
gration pattern and apical to basal cell polarity. In these actin
stained specimens, it was noticeable that the newly forming sec-
ondary ﬁbers fail to form apical junctions with early elongating
epithelium leading to disrupted formation of the lens fulcrum in
the Rap1 cKO mouse specimens compared with WT controls (in-
dicated with arrow heads in Fig. 3B). With respect to F-actin or-
ganization, there was a noticeable reduction in F-actin staining at
the apical ends and intercellular junctions of the lens vesicle in
E11.5 specimens, and apical junctions of epithelial and ﬁber cells in
E13.5-E17.5 specimens derived from the Rap1 cKO mouse embryos
compared with the WT controls. Compared to Rap1 cKO mice, Le-
Cre specimens did not exhibit any noticeable lens or ocular phe-
notype relative to WT specimens (data not shown).
3.4. Rap1 deﬁciency suppresses formation of adherens junctions
(AJs) and ZO-1 based cellcell interactions in mouse lens
The Rap1 cKO mouse lens epithelium exhibited progressive
morphological changes (central and equatorial) starting from
E13.5, with signiﬁcant decrease (4 40%) in epithelial width (apical
to basal length; Fig. 4A4) and alterations in epithelial cell shape in
E15.5 and E17.5 specimens, relative to WT controls (Fig. 4A1–3).
Moreover, a dramatic and progressive loss was also observed in
E-cadherin-based cellcell junctions in the lens epithelium (both
in central and equatorial) starting from E13.5 to E17.5 in the Rap1
cKO mouse embryos, indicating disruption of AJs (Fig. 4A2 and 3).
The disruption of E-cadherin-based cell junctions was found to
affect epithelial cell shape, resulting mainly in size reduction and
shape change from an elongated columnar to a stunted proﬁle.
In addition to the AJs, we also evaluated the integrity/formation
of ZO-1 based cellcell interactions in Rap1 cKO lenses of E13.5 to
E17.5 mouse embryos by immunoﬂuorescence labeling of ZO-1. As
has been reported previously (Pontoriero et al., 2009), ZO-1 was
localized at the interface of apical ends of lens epithelial and ﬁber
cells (Fig. 4B). At E13.5 in WT lens specimens, ZO-1 was distributed
discretely at the apical junctions of epithelium and primary ﬁber
cells (indicated with arrows in Fig. 4B). Subsequently in E15.5 and
E17.5 WT lens specimens, the ZO-1 staining distributes intensely at
the lens fulcrum region (Fig. 4, arrows), in agreement with pre-
vious reports (Pontoriero et al., 2009; Sugiyama et al., 2009).
However, the ZO-1-based cellcell junctions were almost com-
pletely absent in the Rap1 cKO lenses compared with WT controls
(Fig. 4B). As can be seen in Fig. 4B, in the Rap1 cKO mouse epi-
thelium, the size and number of nuclei is also reduced dramati-
cally based on Hoechst staining (blue) compared with WT controls.
Consistent with loss of E-cadherin based AJs, β-catenin dis-
tribution (based on immunoﬂuorescence labeling) at the AJs was
also dramatically and progressively reduced in the Rap1 cKO
mouse lens epithelium of E13.5 to E17.5 specimens relative to WT
controls (Fig. 5A). The loss of β-catenin based AJs in Rap1 cKO lens
specimens was also found to be associated with altered epithelial
cell shape as shown in Fig. 4 (Fig. 5A, see insets). Collectively, the
changes observed in E-cadherin and β-catenin distribution suggest
that absence of Rap1 results in impaired AJ formation in the lensap1 cKO mouse lenses. (A) The Rap1 cKO mouse specimens derived from E13.5, 15.5
s epithelium associated with altered cell shape and signiﬁcantly reduced cell width
tral (A2) and equatorial (A3) epithelium) in WT specimens exhibit a long columnar
arity) and intense E-cadherin-positive AJs, the Rap1 cKO lens specimens exhibit a
elium, and disruption of apical to basal polarity with altered cell shape. A4 shows a
d with WT, based on values (mean7SEM) derived from 6 independent specimens.
torial lens epithelium. (B) Similar to AJs shown in (A), ZO-1-based cell adhesive
embryos. ZO-1 based cellcell interactions (in green) were distributed discretely
However, in the absence of Rap1, the ZO-1 based cellcell interactions were dra-
number and size of nuclei in the lens epithelium of Rap1 cKO specimens relative to
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Fig. 5. Rap1 deﬁciency suppresses β-catenin-based cellcell junctions and increases N-cadherin levels in mouse lens epithelium. (A) β-catenin, a well-characterized
component of AJs localizes to the cellcell junctions of lens epithelium and ﬁber cells in WT specimens based on immunoﬂuorescence analysis (red) of parafﬁn embedded
sagittal sections. In Rap1 cKO E13.5, E15.5 and E17.5 specimens, there is a progressive and dramatic reduction of β-catenin staining in both lens epithelium and ﬁbers
compared to WT specimens. The insets show magniﬁed areas of lens epithelium. (B) Unlike β-catenin, N-cadherin distribution (red staining) is relatively intense in ﬁber cells
compared to the epithelium of WT lenses of mouse embryos. However, in the Rap1 cKO mouse lens specimens (E13.5, 15.5 and 17.5), there was a progressive and marked
increase in N-cadherin staining in the epithelium with a dramatic and concomitant reduction in the ﬁber cells. The insets show the magniﬁed area of lens epithelium. Bars
represent image magniﬁcation. LE: Lens epithelium, LF: Lens ﬁbers.
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which is lens epithelium speciﬁc (Leong et al., 2000; Pontoriero
et al., 2009), N-cadherin distributes to both the lens epithelium
and ﬁbers cells, exhibiting a much higher staining intensity in ﬁber
cells relative to the epithelium as shown in Fig. 5B. Interestingly,
N-cadherin distribution in the lens epithelium increased pro-
gressively and robustly in Rap1 cKO mouse embryos starting from
E 13.5 to E17.5 and was comparable to that noted in WT controls,
as assessed by immunoﬂuorescence analysis (Fig. 5B, see the in-
sets). In contrast, N-cadherin distribution in ﬁber cells of Rap1 cKO
mouse lens appears to be reduced but not dramatically relative to
ﬁber cells from WT control lenses. Le-Cre lens specimens derived
from both E15.5 and 17.5 embryonic mice did not exhibit notice-
able changes either in E-cadherin-based AJs and ZO-1 based
cellcell junctions compared to WT specimens (data not shown).
3.5. Rap1 deﬁciency disrupts cellmatrix adhesion, β1-integrin ac-
tivation and PAR complex in mouse lens
Since Rap1 is known to regulate cellextracellular matrix
(ECM)-based cell adhesive interactions through Krit1, RIAM, talin
and integrins (Bos et al., 2003; Kim et al., 2011; Lee et al., 2009),
we evaluated the status of these interactions in Rap1 cKO mouse
lenses by measuring changes in paxillin phosphorylation and β1
integrin activation using immunoﬂuorescence analysis. Paxillin is
a well characterized multi-domain adapter protein known to in-
teract with integrins and vinculin in a phosphorylation-dependent
manner at the focal adhesions (Turner, 2000). Phosphorylation of
paxillin at Tyr118 is mediated by focal adhesion kinase (Turner,
2000). Using a Tyr118 speciﬁc phospho-paxillin antibody, we ex-
amined the distribution proﬁles of phosphorylated paxillin in Rap1cKO mouse lenses by immunoﬂuorescence analysis of tissue
cryosections. In WT lens specimens derived from both E15.5 and
E17.5 mouse embryos, phospho-paxillin staining localized dis-
cretely and intensely at the apical junctions of primary lens ﬁbers
and epithelial cells, similar to the distribution pattern of ZO-1, as
shown in Fig. 6A (arrows). There was also some phospho-paxillin
staining throughout the lens capsule, however it is not presently
clear whether this staining is speciﬁcally attributable to the basal
tips of epithelial and ﬁber cells. However, in E15.5 and E17.5 Rap1
cKO mouse lens specimens, there was an almost complete loss of
phospho-paxillin staining at the apical junctions of epithelial and
ﬁber cells as shown in Fix. 6A. We then examined for changes in
β1 integrin by immunoﬂuorescence analysis, using a monoclonal
antibody (9EG7) which recognizes an activated epitope of β1 in-
tegrin in zinc ﬁxed, parafﬁn embedded lens sections. In WT spe-
cimens, weak immunostaining for β1 integrin was found to be
distributed throughout the lens, including epithelium and ﬁbers
(in red). Intriguingly, in Rap1 cKO specimens, particularly those
derived from the E17.5 embryos, we noted a robust increase of
immunostaining for β1 integrin in the lens epithelium compared
to the corresponding WT controls (Fig. 6B, indicated with arrows).
This change in β1 integrin (total as well as activated) was found to
be more intense in the central epithelium relative to the equatorial
epithelium (Fig. 6B). Collectively, the changes recorded in phos-
pho-paxillin and β1 integrin in the Rap1 cKO mouse lens speci-
mens indicate dysregulated cellECM interactions in the absence
of Rap1.
Based on the changes involving apical junctions, epithelial cell
shape, disruptions in ZO-1 based cellcell junctions, AJ and loss of
apical to basal alignment of ﬁber cells in Rap1 cKO lenses, we
asked whether regulatory mechanisms governing cell polarity are
Fig. 6. Rap1 deﬁciency disrupts cellECM adhesion, β1 integrin activation and PAR complex in mouse lens. (A) To determine the inﬂuence of Rap1 deﬁciency on cellECM
interactions, E15.5 and E17.5 ocular specimens derived from the Rap1 cKO embryos were evaluated for changes in activation status of paxillin based on immunoﬂuorescence
analysis of phosphorylation (Tyr118) status. In WT specimens, phospho-paxillin (green) is distributed discretely and intensely to the apical junction of epithelial and ﬁber
cells (arrows) very similar to the distribution pattern of ZO-1. Lens capsule (both anterior and posterior) also appears to exhibit some positive staining. In Rap1 cKO (E15.5
and E17.5) mouse ocular specimens, a dramatic reduction in phospho-paxillin staining is noted at the apical junctions of epithelial and ﬁber cells compared with WT controls.
(B) Immunoﬂuorescence analysis shows that weak staining for β1-integrin (detected using a monoclonal antibody which recognizes the activated epitope of β1-integrin) was
found to be distributed throughout the WT lens, in both the epithelium and ﬁbers (red). These specimens were also labeled for cell nuclei using Hoechst (blue). In contrast,
the lens epithelium of Rap1 cKO mouse embryos showed a robust increase in β1-integrin speciﬁc staining (arrows). In lens ﬁbers of Rap1 cKO mouse embryos, there appears
to be some decrease in the staining for β1-integrin relative to WT controls. Insets depict magniﬁed areas of the central epithelium. Bars in both A and B represent image
magniﬁcation. LE: Lens epithelium, LF: Lens ﬁbers. (C) To determine the status of PAR complex activity in Rap1 cKO mouse lens specimens, the levels of aPKC (both aPKCλ and
aPKCς), a well-characterized component of PAR, were examined by immunoblot analysis in E17.5 lenses and compared with respective WT lenses. The levels of both aPKCλ
and aPKCςwere decreased signiﬁcantly in the Rap1 cKO lenses (total lysates) compared to WT controls. Immunoblots of three individual representative specimens from both
WT and Rap1 cKO are shown. α-tubulin was immunoblotted as a loading control.
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activity has been shown to be required for activation of the PAR
(Partitioning-defective) protein complex controlling cell polarity
(Baum and Georgiou, 2011; Gerard et al., 2007; Lampugnani et al.,
2010). Moreover, some of the abnormalities of Rap1 cKO mouse
lens including defective lens fulcrum formation and apical junc-
tions at fulcrum were found to be very similar to the changes re-
ported in the aPKCλ deﬁcient mouse lens (Sugiyama et al., 2009).
aPKC (including aPKCλ and aPKCς) has been characterized as a
critical components of the PAR protein complex consisting of
PAR3, PAR6, Cdc42 and aPKC (Etienne-Manneville and Hall, 2003;
Suzuki and Ohno, 2006). Therefore, we explored whether there
were detectable changes in the levels of aPKCλ and aPKCς in the
E17.5 Rap1 cKO lens (in 800xg total protein fractions) by im-
munoblotting analysis. We found a signiﬁcant decrease in the le-
vels of both aPKCλ and aPKCς in Rap1 cKO lenses relative to WT
controls, with the changes being much more pronounced in the
case of aPKCς (Fig. 6C). Both forms of aPKC were noted to be dis-
tributed throughout WT lens as assessed by immunoﬂuorescence
proﬁles (not shown).3.6. Induction of EMT in the Rap1 deﬁcient mouse lenses
Since Rap1 cKO mouse lenses exhibited a dramatic disruption
in E-cadherin based AJs and ZO-1 based cellcell interactions, we
asked ourselves whether epithelial plasticity and characteristics
are altered under these conditions, and assessed for changes in
expression of αSMA, commonly considered a biomarker of EMT
(epithelial to mesenchymal transition) (Kalluri and Neilson, 2003;
Kalluri and Weinberg, 2009). To this end, cryosections from Rap1
cKO lenses derived from E13.5, E15.5 and E17.5 mouse embryos
were immunostained with a monoclonal antibody to αSMA con-
jugated with Cy3. Presumptive tissues of the iris and ciliary body,
but not lens tissue, were found to exhibit αSMA-speciﬁc positive
staining in E15.5 and E17.5 ocular specimens from WT animals
(Fig. 7A). By contrast, in Rap1 cKO mouse specimens, the lens
epithelium starting from E13.5 exhibited progressively increased
αSMA speciﬁc staining (Fig. 7A, arrows). In E17.5 Rap1 cKO mouse
specimens, the distribution of αSMA staining in lens epithelium
was localized intensely to the cellcell junctions (Fig. 7A, arrows).
In contrast to the Rap1 cKO mouse specimens, Le-Cre lenses (E15.5
and 17.5) did not exhibit presence of αSMA (data not shown). The
Fig. 7. Rap1 deﬁciency induces EMT in mouse lens. (A) To determine the effects of Rap1 deﬁciency on lens epithelial plasticity, E13.5, 15.5 and 17.5 ocular specimens derived
from Rap1 cKO mouse embryos were evaluated for changes in αSMA by immunoﬂuorescence analysis using an anti-αSMA monoclonal antibody conjugated with Cy3™.
While the respective WT specimens show absence of αSMA in lens epithelium, the Rap1 cKO mouse lens specimens exhibit progressively increased levels of αSMA in the
epithelium of E13.5, E15.5 and E17.5 specimens (indicated with arrows; red staining). Both WT and Rap1 cKO mouse specimens exhibit αSMA staining in the presumptive
ciliary body (PCB) and iris. (B) In addition to αSMA, changes in vimentin were examined in the Rap1 cKO mouse ocular specimens by immunoﬂuorescence analysis. In E17.5
WT specimens, ﬁbers stain intensely for vimentin (green) with very little positive staining in the lens epithelium (see insets). Rap1 cKO mouse lens specimens in contrast,
exhibit a marked increase in vimentin staining in the lens epithelium (arrows), with a concomitant decrease in the ﬁber cells. Insets show magniﬁed areas of lens epithelium
and ﬁbers. Red staining shows propidium iodide (PI)-based nuclei distribution. LE; Lens epithelium, LF: Lens ﬁbers. Bars in (A) and (B) represent image magniﬁcation.
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of E-cadherin-based AJs and ZO-1 based cellcell interactions, and
increased N-cadherin observed in lens epithelium of Rap1 cKO
mouse point to altered lens epithelial plasticity and induction of
EMT. Based on these observations, we also evaluated the dis-
tribution of vimentin, an intermediate ﬁlament cytoskeletal pro-
tein and a known marker of EMT (Kalluri and Neilson, 2003), in
E17.5 Rap1 cKO mouse lenses by immunoﬂuorescence analysis of
cryoﬁxed tissue sections. As shown in Fig. 7B, in WT specimens,
lens ﬁbers stain intensely for vimentin with only weak staining
observed in the epithelium. In Rap1 cKO specimens the staining
proﬁle for vimentin appears to be reversed, where increasedFig. 8. Upregulation of E-cadherin suppressing transcription factors and the mesenchym
lens. (A) Lenses derived from the E17.5 Rap1 cKO mice were evaluated for changes in th
Slug, Zeb1 and Zeb2, and DPYD, based on qRT-PCR analysis in comparison with WT c
expression of Snai1, Slug, Zeb2 and DPYD compared with WT controls. Values represent m
observed in the expression of E-cadherin suppressing transcription factors, changes in Sl
and E17.5 ocular specimens derived from the Rap1 cKO mouse embryos in comparison
epithelium (arrows, green staining) of E15.5 and E17.5 Rap1 cKO specimens. There was al
with WT controls. Insets show a magniﬁed area of lens epithelium. LE: Lens epitheliumvimentin immunostaining is associated with the lens epithelium
(Fig. 7B, arrows), accompanied by a marked decrease of vimentin
staining in the lens ﬁbers, relative to the staining proﬁles noted for
WT controls (Fig. 7B).
3.7. Robust upregulation of expression of E-cadherin suppressing
transcription factors and Dihydropyrimidine dehydrogenase in the
Rap1 cKO mouse lens
Our observations of disrupted AJs and ZO-1 based cellcell
interactions, concomitant with increases in immunostaining for
αSMA, vimentin and N-cadherin, are indicative of induction ofal metabolic marker dihydropyrimidine dehydrogenase (DPYD) in Rap1 cKO mouse
e expression levels of E-cadherin suppressing transcription factors including Snai1,
ontrols. Rap1 cKO embryonic mouse lenses showed a signiﬁcant increase in the
ean7SEM. n¼3 (pooled specimens). *po 0.05. (B) To further conﬁrm the changes
ug protein distribution was evaluated by immunoﬂuorescence analysis in the E15.5
with WT controls. Slug protein levels markedly and progressively increased in the
so some increase of Slug protein in the ﬁber cells of Rap1 cKO mouse lens compared
; LF: Lens ﬁbers. Bar represents image magniﬁcation.
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Weinberg, 2009; Thiery et al., 2009). To gain insights into the
molecular mechanisms involved in initiation of EMT and loss of
E-cadherin based AJs in Rap1 cKO mouse lens, we explored for
changes in the expression of Snai1, Slug, Zeb1 and Zeb2, which are
well-characterized transcriptional suppressors of E-cadherin
(Puisieux and Brabletz, 2014). Additionally, we conducted qRT-PCR
analysis of E17.5 Rap1 cKO mouse lenses to determine expression
proﬁle of the metabolic enzyme dihydropyrimidine dehy-
drogenase (DYPD), which has been demonstrated to play an es-
sential role in EMT by regulating the levels of dihydropyrimidines
(Shaul et al., 2014). For these analyses, total RNA was extracted
from pooled intact lenses (E17.5), and three pooled samples from
WT and Rap1 cKO analyzed for comparison. Expression of Snai1,
Slug, Zeb2 and DYPD was signiﬁcantly and robustly increased in
E17.5 Rap1 cKO mouse lenses compared to the WT controls
(Fig. 8A). Unlike Zeb2, Zeb1 expression was not signiﬁcantly al-
tered in Rap1 cKO mouse lenses (Fig. 8A). Analysis of Slug protein
levels and distribution proﬁle using immunoﬂuorescence analysis
of parafﬁn embedded ocular specimens from Rap1 cKO and WT
mouse embryos, by E15.5 and E17.5 revealed that Slug distribution
in the Rap1 cKO mouse lens epithelium increased starting from
E15.5, being robustly increased in E17.5 specimens relative to WT
controls, as shown in Fig. 8B. A slight increase of Slug was also
evident in lens ﬁber cells of Rap1 cKO mice relative to the WT
control (Fig. 8B).Fig. 9. Rap1 deﬁciency impairs lens epithelial proliferation and survival. (A) To deter
progression, in vivo BrdU labeling was performed in conjunction with immunoﬂuoresce
BrdU positive cells showed a signiﬁcant decrease (450%) in the lens central epithelium
epithelium, no BrdU-positive cells are noted in the transitional zone of the WT epitheliu
cells (a region just below the line drawn and indicated with arrows). Rap1 cKO mouse l
BrdU positive cells in the transitional zone epithelium (arrows) indicating defective cell
epithelial and ﬁber cell survival, we examined for changes in apoptotic cells by TUNEL po
mouse specimens showed a progressively and signiﬁcantly increase of apoptotic cells (TU
with WT controls. Values (mean7SEM) were based on n¼6. *po0.05. Bars show imag3.8. Rap1 deﬁciency affects cell proliferation and survival in mouse
lens
The Rap1 deﬁcient mice generated in our study exhibited mi-
cropthalmia and smaller lenses (Fig. 2) leading to the conclusion
that Rap1 might potentially inﬂuence cell cycle progression and
proliferation in the Rap1 cKO mouse lenses. To explore this pos-
sibility, we assessed lens proliferation status using in vivo BrdU
incorporation in E15.5 embryos. These experiments were per-
formed by injecting pregnant mice with BrdU as described in the
Methods section. Embryonic head cryosections immunolabelled
for BrdU using FITC-conjugated BrdU monoclonal antibody were
scored for BrdU positive cells (green/yellow stain) in the different
regions of lens epithelium including central epithelium and tran-
sitional zone. In WT E15.5 lenses, BrdU incorporation was found to
be intense and exclusively located in the epithelium, with no in-
corporation detected in the transitional zone (Fig. 9A, see arrows).
In Rap1 cKO mouse lenses, there is a signiﬁcant decrease (460%)
in BrdU positive cells in the epithelium above the transitional zone
based on the values derived from 6 independent specimens
(Fig. 9A). Interestingly however, there was a signiﬁcant increase in
BrdU positive cells in the transitional zone of Rap1 cKO lens spe-
cimens (indicated with arrows in Fig. 9A) compared to WT con-
trols, indicating a failure of epithelial cells to exit from cell cycle
progression at the transitional zone. Additionally, and unlike the
case in WT specimens, the distribution of nuclei (propidium iodide
positive red stain) in ﬁber cells of Rap1 cKO specimens shifts tomine the effects of Rap1 deﬁciency on lens epithelial proliferation and cell cycle
nce analysis using anti-BrdU antibody as described in Methods section. Counting of
of Rap1 cKO embryos relative to their WT controls. In contrast to the lens central
m, where cells exit from the cell cycle and start differentiating into secondary ﬁber
ens specimens on the other hand, exhibited a signiﬁcant increase in the number of
cycle exit in the deﬁciency of Rap1. (B) To test the effects of Rap1 deﬁciency on lens
sitive staining of ocular specimens in E15.5 and E17.5 mouse embryos. The Rap1 cKO
NEL positive cells-in green/yellow) in the lens epithelium and ﬁber mass compared
e magniﬁcation. LE: Lens epithelium, LF: Lens ﬁbers.
Fig. 10. Lens differentiation is normal under Rap1 deﬁciency. To test whether Rap1 deﬁciency inﬂuences lens differentiation, E17.5 ocular specimens derived from Rap1 cKO
mouse embryos along with their respective WT specimens were examined by immunoﬂuorescence analysis for expression proﬁle of lens ﬁber speciﬁc markers including
aquaporin-0 (green) and γ-crystallin (red). As shown in the ﬁgure, the distribution proﬁle of various ﬁber cell differentiation markers was found to be comparable between
the Rap1 cKO and WT specimens, indicating that Rap1 deﬁciency does not impact normal lens differentiation. In some Rap1 cKO specimens, there was aquaporin-0 positive
staining at the apical surface of lens epithelium as indicated by the arrows. Bar represents image magniﬁcation. LE: Lens epithelium, LF: Lens ﬁbers.
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ﬁber cells (Fig. 9A, see arrow heads), presenting a distribution
pattern very similar to that commonly seen in the epithelium at
the anterior part of lens (Fig. 9A).
To determine the cell survival status in the absence of Rap1 in
lens, cryoﬁxed head tissue specimens derived from E15.5 and E17.5
WT and Rap1 cKO mouse embryos were labelled for apoptotic cells
by TUNEL staining using an ApopTag Plus Fluorescein kit. TUNEL
positive cells (green/yellow) were counted in lens epithelium and
ﬁbers. Based on values (mean 7SEM) derived from 6 independent
specimens, TUNEL positive cells were signiﬁcantly increased in the
epithelium and ﬁber cells of Rap1 cKO mouse lenses (both E15.5
and E17.5) compared to the respective WT controls (Fig. 9B). TU-
NEL positive cells increased progressively with a much higher
number being observed in E17.5 relative to E15.5 specimens from
Rap1 cKO mice (Fig. 9B). These observations reveal increased
apoptotic cell death in the Rap1 deﬁcient mouse lenses.
3.9. Rap1 deﬁciency does not impair lens ﬁber differentiation
Fiber cell differentiation is one of the major cellular processes
of lens morphogenesis and the ﬁber cells make up the bulk of the
lens mass (Cvekl and Ashery-Padan, 2014). Epithelial cells at
transitional zone of lens exit from cell cycle, elongate and differ-
entiate into ribbon like ﬁber cells. These differentiating ﬁbers ex-
press several ﬁber cell speciﬁc proteins including aquaporin-0,
crystallins (β and γ) and beaded ﬁlament proteins-phakinin and
ﬁlensin(Cvekl and Ashery-Padan, 2014). To evaluate whether the
absence of Rap1 affects lens ﬁber cell differentiation, we examined
the distribution pattern of aquaporin-0, a water channel proteinand γ-crystallin using immunoﬂuorescence analysis of cryoﬁxed
tissue specimens. As shown in Fig. 10, E17.5 Rap1 cKO lens speci-
mens exhibit a typical ﬁber cell elongation pattern and expression
of ﬁber cell speciﬁc differentiation markers including aquaporin-0
and γ-crystallin, similar to the ﬁndings noted in WT controls, in-
dicating normal lens differentiation in the deﬁciency of Rap1. In-
terestingly, in some specimens, the apical surface of lens epithe-
lium in E17.5 Rap1 cKO mouse stained positively for aquaporin-0
based on immunoﬂuorescence compared to WT (Fig. 10, see ar-
row), indicating a possible mixed epithelial/ﬁber cell phenotype.4. Discussion
The broad objective of our study was to explore the role of
Rap1 GTPase in vertebrate lens development and architecture. Our
results provide genetic evidence for the requirement of Rap1
GTPase in controlling mouse lens organ morphogenesis. Im-
portantly this study reveals impaired epithelial cell AJs, ZO-1 as-
sociated cell junctions and polarity in the absence of Rap1 GTPase
(Rap1a and Rap1b) leading to defects in lens morphogenesis and
integrity in a mouse model, thereby demonstrating the require-
ment for Rap1 in regulation and establishment of cell adhesive
interactions and cell polarity, and epithelial organ formation and
architecture. Moreover, our study also illuminates that the defects
in lens epithelial cellcell junctions, cell shape and polarity in
Rap1 deﬁcient lenses are associated with induction of epithelial
plasticity and acquisition of mesenchymal characteristics by epi-
thelial cells, as evidenced by increases in expression of E-cadherin
suppressing transcription factors and DYPD in lens epithelial cells.
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and ﬁbrosis, a common cause for metastatic cancers, ﬁbrotic dis-
eases and for secondary cataract formation in human patients
(Eldred et al., 2011; Kalluri and Weinberg, 2009; Thiery et al.,
2009).
Rap1 regulated establishment of epithelial cellcell junctions,
cellmatrix interactions and cell polarity is considered to be cri-
tical not only for cell migration, proliferation, differentiation and
survival but also for organ development and tissue architecture
(Asha et al., 1999; Boettner and Van Aelst, 2007; Boettner and Van
Aelst, 2009; Choi et al., 2013; Kooistra et al., 2007; O’Keefe et al.,
2012; Spahn et al., 2012). However, the presumed role(s) of Rap1
in vertebrate organ development and integrity has remained un-
proven. To the best of our knowledge this is the ﬁrst study ad-
dressing this aspect of Rap1 function. Rap1 is an evolutionarily
conserved protein and is widely expressed in different tissues
(Kooistra et al., 2007). Rap1 (both Rap1a and Rap1b) is distributed
in both the developing and mature mouse lens, including the lens
vesicle, epithelium and ﬁbers, localizing predominantly to the
cellcell junctions and membrane. Although Rap1a and Rap1b,
which are 95% identical by amino acid sequence encoded by two
different genes (Noda, 1993) have been shown to have some non-
redundant roles in angiogenesis, vascular endothelial cells and
other cell types (Chrzanowska-Wodnicka, 2013), adult Rap1a or
Rap1b null mice do not reveal any overt lens defects indicating
that these proteins have compensatory role(s) in the lens.
Contrastingly, the Rap1a and Rap1b double conditional knock-
out (cKO) mice developed in this study exhibited lens defects
starting from E13.5, and the gross lens defects and opaciﬁcation
observed in E17.5 mouse embryos reveal a requirement for Rap1 in
lens morphogenesis and integrity. The Le-Cre transgenic mice used
in this study express Cre recombinase in the presumptive lens
ectoderm prior to lens vesicle formation (Ashery-Padan et al.,
2000). In E11.5 Rap1 cKO mouse lenses, although Cre recombinase
was robustly expressed, Rap1 expression appears to be not com-
pletely abolished based on immunoﬂuorescence and the lens ve-
sicle was noted to exhibit normal formation and separation. Since
we have not conﬁrmed complete absence of Rap1 in E11.5 Rap1
cKO lenses by direct methods such as immunoblot analysis, we
cannot deﬁnitively conclude that Rap1 plays an indispensable role
in lens early development. Differentiation of lens primary ﬁber
cells was found to be normal in E13.5 Rap1 cKO mouse embryos.
Defects were evident however in the apical tip attachments be-
tween lens primary ﬁber cells and epithelial cells of E13.5 and
E15.5 Rap1 cKO mice. These defects result in a clear gap between
the epithelium and ﬁber cell apical tips, demonstrating impaired
formation of apical junctions in the absence of Rap1 during lens
morphogenesis. Additionally, lens fulcrum formation was impaired
due to defective apicalapical junctions between the overlying
early elongating epithelial cells and newly forming secondary ﬁ-
bers in developing (E13.5 and E15.5) Rap1cKO mouse lenses. This
observation of an abnormal lens fulcrum phenotype in the Rap1
cKO mouse overlaps with that reported previously in the aPKCλ
deﬁcient mouse lens (Sugiyama et al., 2009). aPKCλ and the re-
lated aPKCς are critical components of the PAR complex required
for normal polarization of epithelial cells (Choi et al., 2013;
Humbert et al., 2006; Suzuki and Ohno, 2006). The decreased le-
vels of aPKCλ and aPKCς observed in the Rap1 cKO mouse lenses
are indicative of compromised apical junctional polarity in both
epithelial and ﬁber cells. Primary ﬁber cells exhibit apical to basal
alignment by forming adhesive interactions involving the apical
ends of epithelial and primary ﬁbers at the anterior end, and be-
tween the basal ends of primary ﬁbers and basement membrane
of the posterior capsule at the posterior end. Lens primary ﬁber
cells from the Rap1 cKO mice exhibited noticeable abnormalities
primarily in their anterior alignment with epithelial cells whilemaintaining normal alignment at posterior. Additionally, the lens
secondary ﬁbers from Rap1 cKO mice exhibit a dramatic curvature
towards the lens fulcrum indicating an abnormal migration pat-
tern. Collectively, these observations reveal defects in ﬁber cell
adhesion and migration events together with impairments in es-
tablishment of epithelial and ﬁber cell polarity in the Rap1 cKO
mouse lens. Consistent with these observations, Rap1 along with
its effector molecule Canoe/afadin has been demonstrated to
regulate apicalbasal cell polarity in Drosophila, and requirement
of PAR complex activation in Rap1 regulated polarity in immune
cells (Boettner and Van Aelst, 2007; Boettner and Van Aelst, 2009;
Gerard et al., 2007; Lampugnani et al., 2010; O’Keefe et al., 2012;
Sawyer et al., 2009; Spahn et al., 2012).
In Rap1 cKO mouse lenses, one of the earliest and easily de-
tectable phenotypes we noted was epithelial thickness and cell
shape changes. The thinning of epithelium and shortened epi-
thelial cell width was clearly evident in Rap1 cKO lenses starting
from E13.5 to E17.5, relative to the striking apicalbasal columnar
cell shape noted in normal mouse lenses, revealing the disruption
of epithelial cell shape and polarity in the absence of Rap1. Im-
portantly, these changes were found to be closely associated with
a marked and progressive reduction in E-cadherin and β-catenin-
based AJs and ZO-1-based cellcell interactions in the Rap1 cKO
mouse lens epithelium. These observations are consistent with the
well-documented characteristics of Rap1 GTPase in cultured epi-
thelial cells of different tissues and in epithelial morphogenesis in
Drosophila (Asha et al., 1999; Boettner and Van Aelst, 2007, 2009;
Knox and Brown, 2002; Kooistra et al., 2007; Sawyer et al., 2009;
Spahn et al., 2012). Interestingly, in contrast to E-cadherin,
N-cadherin-showed a robust and progressive increase in the lens
epithelium of Rap1 cKO mice between E15.5 and E17.5. Although
Rap1 has been shown to regulate N-cadherin-based AJs and po-
larity in neuronal cells (Jossin and Cooper, 2011), the upregulation
of N-cadherin in the lens epithelium of Rap1 cKO mice could be a
secondary response to the altered epithelial plasticity and EMT
noted in these lenses since elevated levels of collagen in cells
undergoing EMT have been shown to upregulate N-cadherin
(Shintani et al., 2008). The loss of ZO-1 based cell adhesive inter-
actions observed in Rap1 deﬁcient lenses in this study support
earlier observations reported in cultured epithelial cells and in
Drosophila lacking Rap1 and its effector molecule afadin (Choi
et al., 2011; Mandai et al., 2013; Mandell et al., 2005; Ooshio et al.,
2010; Pannekoek et al., 2009). These changes could be also arising
in part from impaired formation of AJs, because conditional dele-
tion of E-cadherin has been shown to impair formation of ZO-1-
based cellcell junctions in the mouse lens epithelium (Pontor-
iero et al., 2009). Similarly, absence of aPKCλ and Scrub (Sugiyama
et al., 2009; Yamben 2013), which are well characterized reg-
ulators of cell polarity in the lens, has been shown to disrupt ZO-1
based cell adhesive interactions of epithelium providing further
support for the importance of Rap1 in maintaining lens epithelial
polarity and cell adhesive interactions. Although we have not ex-
amined cytoskeletal protein organization especially myosin II at
the AJs in the Rap1 cKO mouse epithelium, it is likely a disruption
in actin and myosin II-based cytoskeletal organization underlies
the impaired formation and stability of AJs noted in the Rap1
deﬁcient lenses. We did, however, ﬁnd a marked decrease in Rac1
GTPase protein in both epithelium and ﬁbers of Rap1 cKO mouse
embryonic lens, relative to the WT control (data not shown), and
Rac1 has been demonstrated to act downstream to Rap1 and
regulate AJs, cytoskeletal organization and cell migration (Fu-
kuyama et al., 2006; Maddala et al., 2011a; Rikitake et al., 2012).
Rap1 cKO mouse lenses also exhibited disruption of
cellmatrix adhesive interactions based on the decreased phos-
pho-paxillin at apical junctions of epithelium and primary ﬁbers
noted in our study. Focal adhesion kinase (FAK) regulated
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role in ﬁbronectin assembly and cellECM interactions (Turner,
2000). FAK, integrin-α5 and ﬁbronectin-1 have been shown to be
required for lens ﬁber cell morphogenesis in zebraﬁsh (Hayes
et al., 2012). Interestingly, the distribution pattern of phospho-
paxillin at the apical junctions of mouse lens epithelium noted in
this study appears to be identical to that reported for ﬁbronectin in
the zebraﬁsh lens (Hayes et al., 2012). Therefore, maintenance of
paxillin-based cell adhesive interactions at the apical junctions of
lens epithelium regulated by Rap1 appears to be critical for lens
morphogenesis. Intriguingly, although Rap1 has been demon-
strated to regulate integrin-mediated cell adhesive interactions
through RAIM, Krit and Talin, and to be involved in the Rap1GAP-
mediated inactivation of β1-integrin (Kim et al., 2011; Potla et al.,
2014), we found increased levels of immunostaining for β1-in-
tegrin in the epithelium of Rap1 deﬁcient lenses. This increase in
β1-integrin staining which might indicate a possible increase in
both, activation and protein expression was particularly noticeable
at E17.5 at which stage the Rap1 cKO associated ocular phenotype
is severe. Whether this is a secondary response to the dramatic
impairment observed in cell junctional and cell adhesive interac-
tions in the Rap1 cKO mouse lens is not clear at this point. Taken
together the observation of reduced phospho-paxillin and de-
regulated β1-integrin activation and expression in the Rap1 cKO
lenses indicate dysregulated cellmatrix interactions in Rap1
deﬁciency.
Another major phenotypic feature associated with the deﬁ-
ciency of Rap1 was epithelial to mesenchymal transition (EMT) in
the lens epithelium, as inferred from the marked induction of α-
smooth muscle actin (αSMA), along with vimentin and N-cadherin
noted in the lens epithelium, concomitant with loss of AJs in E15.5
and E17.5 Rap1 cKO mice, suggestive of an alteration in epithelial
plasticity with epithelial cells transitioning into a mesenchymal
phenotype (EMT). We also obtained additional evidence in support
of EMT in Rap1 cKO mouse epithelium as inferred from the in-
duction of expression of dihydropyrimidine dehydrogenase
(DYPD). DYPD has been identiﬁed as a mesenchymal metabolic
signature and dihydropyrimidine generated by DYPD has been
shown to be essential in initiation of EMT in various cancer cell
lines (Shaul et al., 2014). Furthermore, consistent with loss of AJs,
our results on upregulation of E-cadherin suppressing transcrip-
tion factors including Snai1, Slug and Zeb2 in Rap1 cKO mouse lens
epithelium also support the occurrence of EMT events in these
lenses. These multiple molecular changes induced in the deﬁ-
ciency of Rap1 in lens epithelium represent the common char-
acteristics of EMT (Kalluri and Neilson, 2003; Kalluri and Wein-
berg, 2009; Puisieux and Brabletz, 2014; Thiery et al., 2009). One
exception to this conclusion is Zeb2, the absence of which has
been reported to not have signiﬁcant impact on mouse lens epi-
thelial phenotype (Manthey et al., 2014). Recently Scrib deﬁciency
induced EMT in lens epithelium has also been reported to be as-
sociated with elevated levels of Snai1 in mouse lens (Yamben
2013), similar to the ﬁndings of this study in the absence of Rap1.
Moreover, previous reports on the induction of EMT in the lens
epithelium in association with loss/disruption of AJs in the absence
of E-cadherin (Pontoriero et al., 2009), aPKCλ (Sugiyama et al.,
2009) and Scrub (Yamben 2013) are consistent with the Rap1
deﬁciency-mediated changes observed in this study. Although
EMT has a fundamental role in early developmental processes and
wound healing (Nieto, 2013; Thiery et al., 2009), dysregulated EMT
can lead to ﬁbrosis, metastasis and other ﬁbrotic complications
including posterior capsular cataracts (Eldred et al., 2011; Kalluri
and Weinberg, 2009; Mamuya et al., 2014; Menko et al., 2014;
Stump et al., 2006; Thiery et al., 2009). Therefore, our observation
on Rap1 deﬁciency-induced EMT uncovers the importance of Rap1
in controlling epithelial phenotype and EMT in different tissues.Finally, the smaller lenses and microphthalmic eye phenotypes
observed in the deﬁciency of Rap1 in association with increased
apoptosis of lens epithelial and ﬁber cells point to compromised
cell survival as the basis for observed changes in lens size and eye
size in the absence of Rap1. This is also consistent with previous
observations of increased programmed cell death in conjunction
with loss or disrupted cellcell junctions in the absence of
E-cadherin and N-cadherin in the mouse lens (Pontoriero et al.,
2009). Rap1 is also expected to inﬂuence cell survival through
other mechanisms such as regulation of various MAP kinases
(Raaijmakers and Bos, 2009). Additionally, our results from in vivo
BrdU labeling experiments indicate that Rap1 deﬁciency leads to
impaired cell cycle progression especially in the central epithelial
cells of E13.5 and E15.5 mouse lenses indicating decreased cell
proliferation in this region. The observation of increased BrdU
incorporation at the transitional zone in the Rap1 cKO mouse lens,
however, which is suggestive of defective cell cycle exit, could be
related partly to the defects in cell polarity and apical junction
formation discussed earlier, wherein the inability of early elon-
gating epithelial cells to form apical cellcell junctions with
newly forming ﬁbers results in marked disruption of lens fulcrum
formation (Sugiyama et al., 2009). Rap1 deﬁciency appears to have
no overt impact on lens ﬁber cell differentiation based on the
normal expression of differentiation markers in Rap1 deﬁcient
lenses, indicating that alterations of cell adhesive interactions and
polarity may not be critical for Rap1-regulated ﬁber cell differ-
entiation. In conclusion, this study provides unequivocal genetic
evidence for the requirement of Rap1 GTPase in controlling mouse
lens organ morphogenesis by regulating and maintaining epithe-
lial cellcell junctions, cellmatrix interactions, polarity and
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